A two-locus gene conversion model with selection is developed. Under the joint action of selection, mutation, gene conversion, recombination, and random genetic drift, approximate formulas for the expectations of the moments of allele frequencies and the expected amounts of variation within and between two loci are obtained by a diffusion method assuming relatively strong selection. It is shown that the pattern of allelic variation is mainly determined by the balance between gene conversion and selection, because these two mechanisms act in opposite directions. As an application of the theoretical results, the human RHCE and RHD genes are considered. The very high level of amino acid divergence between the two genes is observed only in a short region around exon 7. It is known that exon 7 encodes amino acids that characterize the difference between the RHCE and RHD antigens. The observed pattern of DNA variation in this region is consistent with the selection model developed in this article, suggesting that strong selection might be working to maintain the RHCE͞RHD antigen variation in the two-locus system. The selection intensity is estimated on the basis of the theoretical result.
R
ecent genomic sequencing projects confirmed earlier studies showing there are a number of duplicated genes or chromosome segments in the eukaryotic genome (1) (2) (3) (4) . Gene duplication has been considered an important mechanism for adaptive genome evolution, because there is an opportunity that an advantageous mutation gives one of the duplicated genes a new function (5-7). However, there is a great debate on the fates of duplicated genes and how often adaptive functional diversification occurs. Despite many demonstrations of adaptive evolution in duplicated genes (e.g., refs. [8] [9] [10] [11] , theoretical studies indicate that one of the duplicated genes is likely to be silenced relatively quickly after duplication (e.g., refs. [12] [13] [14] [15] [16] .
To understand the mechanism underlying the acquisition of a new function by duplicated genes, this article considers the evolutionary process within a relatively short period after gene duplication. Walsh (17) suggested that functional diversification does not occur frequently, because gene conversion homogenizes variation between duplicated genes (i.e., concerted evolution of multigene families; see refs. [18] [19] [20] [21] [22] [23] [24] . He considered a neutral model, in which a duplicated gene can acquire a new function when it has successfully ''escaped'' from conversion due to accumulation of neutral mutations. The conversion rate is assumed to decrease as genes diverge. Here an alternative model is proposed, in which strong selection results in evolution of a new function under the pressure of gene conversion.
A simple two-locus gene conversion model with two alleles, A and B, is considered in a finite population. It is assumed that A and B have slightly different functions, so that haplotypes with the two different alleles (A-B and B-A) are advantageous over haplotypes with the same alleles (A-A and B-B). Let us suppose that a new allele (B) is introduced by mutation in a population in which A-A is fixed. The frequency of B might increase by selection, and the frequencies of advantageous haplotypes (A-B and B-A) might also increase, while gene conversion changes advantageous haplotypes to deleterious haplotypes (A-A and B-B). Thus, selection and gene conversion act in opposite directions. If the effect of gene conversion is larger than that of selection, the four haplotypes might coexist, but eventually one of the deleterious haplotypes could fix in the population by genetic drift. With very strong selection, on the other hand, one of the advantageous haplotypes is likely to fix, and deleterious haplotypes created by gene conversion are eliminated immediately from the population. This state gives a great opportunity for further functional divergence. The purpose of this article is to consider how strong selection is needed to maintain the state where an advantageous haplotype is nearly fixed under the pressure of gene conversion. The model considers the joint action of selection, mutation, gene conversion, recombination, and random genetic drift as factors to determine the pattern of haplotype polymorphism in the duplicated genes. Because this study considers a relatively short-time evolutionary process (i.e., polymorphism) in a small multigene family, other mechanisms such as unequal crossing over and birth-and-death process, which might play important roles in middle-or large-size multigene families, are ignored (25, 26 ).
Under the model described above, the pattern of polymorphism is considered by h w and h b , where h w is the heterozygosity within the locus, and h b is the probability that a pair of alleles randomly chosen from different loci is not identical (27). When an advantageous haplotype is nearly fixed by selection, it is expected that h b is almost one and that h w is very small. On the other hand, when selection is not strong, h w might be relatively large and h b is much smaller than one. In this article, approximate equations for the expectations of h w and h b are obtained by using a diffusion method when selection is relatively strong. The theoretical result is very different from that under the neutrality (21, 27, 28) .
As an application of the theory, human rhesus (RH) genes are considered. On the short arm of chromosome 1, there are two closely linked RH genes, RHCE and RHD, which encode the CcEe and D blood group antigens (29) . The DNA sequence identity between the two genes is high (Ϸ97%), and their exon-intron structures are very similar (30) , indicating they were created by a tandem gene duplication event (for review, see ref. 31) . It is estimated that the gene duplication occurred 5-12 million years ago (32) . The observed high level of amino acid replacement variation between the two genes in a short region around exon 7 might be explained by the model developed in this article, suggesting that strong selection might be working to maintain the RHCE͞RHD antigen variation in the human population.
Theory
Consider two linked loci, I and II, in a random mating population with 2N haploids or N diploids. We consider two alleles, A and B, so there are four haplotypes, A-A, A-B, B-A, and B-B. The fitnesses of these haplotypes are given by 1 Ϫ s, 1, 1 and 1 Ϫ s, respectively. It is assumed that the symmetric mutation rate between the two alleles is per locus per generation. The recombination rate between the two loci is assumed to be r per generation. Intrach-romosomal gene conversion occurs at rate c per locus per generation, e.g., A-B changes into A-A with probability c and into B-B with the same probability. This is a simple case of Ohta's model (33) . Let the frequencies of A-A, A-B, B-A, and B-B be x 1 , x 2 , x 3 , and x 4 (x 1 ϩ x 2 ϩ x 3 ϩ x 4 ϭ 1), respectively. Given x 1 , x 2 , x 3 , and x 4 , their expectations in the next generation might be given by the following recursion equations:
where D ϭ x 1 x 4 Ϫ x 2 x 3 . These recursions treat mutation, recombination, gene conversion, and selection independently, which (especially recombination and gene conversion) may not be biologically independent. However, it should be noted that these events can be treated independently in a sufficiently large population (i.e., continuous time approximation). In a diploid population, Eqs. 1a-d might have a problem in the treatment of selection, which will be discussed later.
The goal of this section is to obtain the expectations of h w and h b at equilibrium. In this model, their expectations are given by
where p (ϭ x 1 ϩ x 2 ) and q (ϭ x 1 ϩ x 3 ) are the frequencies of A at loci I and II, respectively. Note that this symmetric model predicts
. To obtain E(h w ) and E(h b ), we consider the expectations of the moments of allele frequencies by using a diffusion method (34) . At equilibrium, it is known that a function, g(x 1 , x 2 , x 3 ), satisfies the following equation:
where L is the differential operator of the Kolmogorov backward equation (34) (35) (36) .
In this model, L(g) is given by
L͑g͒ ϭ
Transforming the three variables, x 1 , x 2 , and x 3 into p, q and D, Eq. 4 becomes
and
where ϭ 4N, C ϭ 4Nc and R ϭ 4Nr. From Eqs. 3, 5, and 6, we consider approximate solutions for the moments of p and q under the assumption of relatively strong selection, because the diffusion equation can be solved exactly only when Ns ϭ 0 (27). Because the model is symmetrical, it is obvious that
E͑ pD͒ ϭ E͑qD͒ and E͑p 2 D͒ ϭ E͑q 2 D͒.
[7]
When the effect of selection on allelic variation is large, the frequencies of deleterious haplotypes, A-A and B-B, should be very small in the population. Therefore, it may be possible to assume that the sum of p and q is approximately 1. Under this assumption, we have the following approximations:
Because the amount of linkage disequilibrium (D) is much smaller than E(p 2 ), E(p 3 ), and E(p 4 ), it is assumed that
Then, letting g ϭ p, pq and D with Eqs. 7-9, Eq. 5 gives the following three equations:
Solving these equations, we have
It should be noted that these expectations are independent from the recombination rate. From Eq. 13, the expectations of h w and h b are given by
To check the theoretical results, Monte Carlo simulations were carried out with N ϭ 1,000 and ϭ 0.01. For each parameter set, a simulation was run for 100,000N generations, in which the pseudosampling method (37) was used to determine the haplotype frequencies generation by generation, and p 2 , p 3 , p 4 , h w , and h b were calculated every N generations. The averages of p 2 , p 3 , p 4 , h w , and h b are almost independent from R, as expected, and in very good agreement with the approximate Eqs. 13-17 when selection is relatively strong. Part of the results is shown in Fig. 1 , in which the averages of h w and h b for R ϭ 0 and 100 are plotted against C. It is demonstrated that Eqs. 16 and 17 are good approximations for h w and h b when C is smaller than Ns͞5. If C is higher than Ns͞5, h w from the simulation is smaller than Eq. 16, and h b from the simulation is larger than Eq. 17. The deviation from the theory is bigger when R is small. Eqs. 16 and 17 and Fig. 1 demonstrate that h w and h b are getting close to 0 and 1 as selection intensity increases, indicating that selection works to keep one of the advantageous haplotypes (A-B or B-A) in a very high frequency in a population. That is, this model does not predict the state where both advantageous haplotypes coexist in intermediate frequencies (e.g., x 2 Ϸ x 3 Ϸ 0.5 so that h w Ϸ h b Ϸ 0.5) due to genetic drift.
The simulations also demonstrate that a population reaches its equilibrium state very quickly after advantageous mutations are introduced (data not shown). The time from the appearance of an advantageous mutation to equilibrium is similar to the fixation time of an advantageous allele with fitness 1 ϩ s in a single locus system [ϷϪ2 ln(1͞2N)͞s; see ref . 17] .
The theoretical results (Eqs. 13-17) might hold in a diploid population with size N, even though there is a problem in recursion equations ( Eqs. 1a-d) . The recursions can be used in a diploid population only when the fitness effects of haplotypes are additive. For example, the fitness of a diploid with A-A and B-B is 1 Ϫ 2s, the fitness of a diploid with A-B and B-A is 1, and so on. This additive assumption is not consistent with the model considered here, in which diploids with genotype AABB should be most advantageous. That is, the fitness of a diploid with A-A and B-B is 1, not 1 Ϫ 2s. Nevertheless, Eqs. 
Nucleotide Polymorphism in RHCE and RHD Genes
As an application of the theoretical results, the human RH genes, RHCE and RHD, are considered. Twenty-two complete coding sequences (five RHCE and 17 RHD) were obtained from GenBank. These sequences are aligned together, and the summary of the amounts of nucleotide variation is shown in Following ref. 43 , the 50 segregating sites are classified into three groups: ''specific polymorphic sites,'' where polymorphism is observed in either of the two genes; ''shared polymorphic sites,'' where two nucleotides are segregating in both genes; and ''fixed polymorphic sites,'' where each gene has a different fixed nucleotide. The observed numbers of these three types of polymorphic sites are 24, 11, and 15, respectively. The existence of a relatively large number of shared polymorphic sites indicates that DNA variation in the two RH genes has been frequently homogenized, probably by gene conversion (43, 44) . As illustrated in Fig. 2 , the distributions of shared and fixed polymorphic sites are not uniform. All 11 shared polymorphic sites are in the first half of the coding region (exons 1-5), whereas all 15 fixed sites are in the remaining region (exons 6-10). This striking difference in the numbers of the two classes of polymorphic sites is highly significant (P Ͻ 10 Ϫ6 ; Fisher's exact test), even though the test is conservative due to the nonindependence of the two regions (43) . It is indicated that the mechanisms to maintain DNA variation in the two regions are very different. In the following analysis, therefore, the two regions are considered separately.
First, consider whether a neutral model can explain the observation. Assuming no selection, the mutation and gene conversion parameters can be estimated by a method of ref. 27. This method uses w , b and linkage disequilibrium to estimate , C, and R. Because the sequences obtained from GenBank are from independent chromosomes, linkage disequilibrium cannot be calculated. Therefore, and C are estimated from w and b , assuming free recombination (R ϭ ϱ). This assumption is not unreasonable, because the distance between the two genes is Ϸ80 kb, so that R may not be small when the recombination rate is on the same order as the mutation rate (45, 46) . The effect of recombination on w and b is very small unless R is low (27). Given w ϭ 0.00920 and b ϭ 0.01977 in exons 1-5, and C are estimated to be 0.0047 and 0.423, respectively. The estimate of the gene conversion rate is Ϸ90 times larger than the mutation rate. This ratio is in the range of that in the Amy loci in Drosophila melanogaster, where C is estimated to be 60-165 times larger than (27). On the other hand, in exons 6-10, C is estimated to be 0.011, which is about 1͞40 of the estimate in exons 1-5. Thus, a neutral model with very different levels of gene conversion might explain the data.
However, it is important to notice that the two genes were identical when gene duplication occurred. That is, it is not unreasonable to consider that gene conversion used to occur in exons 6-10 as frequently as in exons 1-5 in the initial stages of the duplicated genes. It is suggested that some kind of mechanism worked to dramatically reduce the level of gene conversion in exons 6-10. A relatively high level of divergence between the two genes in exons 6-10 (4%) might contribute to the reduction in the gene conversion rate. A drastic change in the DNA sequence caused by an indel could be a barrier to restrict gene conversion (e.g., ref. 18) , although no such big indels are found in the flanking region of exon 7 (30) .
Another mechanism is selection, which could reduce the level of gene conversion effectively (i.e., selection does not favor gene conversion to maintain the variation between the two genes, as demonstrated in the previous section). The very high level of amino acid differences between the two genes might support the selection hypothesis. As shown in Table 1 , there are 15 fixed sites in this region, of which 13 are amino acid replacement changes. The ratio of the rate of nonsynonymous substitution (K a ) to the rate of synonymous substitution (K s ) is ϭ K a ͞K s ϭ 3.25. Unfortunately, is not significantly larger than 1, but because this test is extremely conservative, Ͼ 1 is sometimes considered as evidence for positive selection. The spatial distribution of the 15 fixed sites might also support the selection hypothesis. All 15 sites are in a relatively short region around exon 7. The length of this cluster is 121 bp, significantly shorter than expected (P Ͻ 10 Ϫ5 ; permutation test). It should be noted that these amino acid changes characterize the difference between the RHCE and RHD antigens. Exon 7 encodes amino acids in the transmembrane and cytoplasmic domains and those on the exofacial surface. It is suggested that the RHCE͞RHD antigen variation might be maintained in the human population by strong selection.
If this is the case, it might be possible to apply the two-locus model developed in this article to the target nucleotide site of selection in the RHCE and RHD genes. As discussed above, if strong selection works to maintain two different alleles (nucleotides) in the two-locus (site) system, the theory predicts that h b is close to 1 and h w is very small at the target site of selection. Although we do not know the exact position(s) of the target site(s) of selection, the pattern of polymorphism at all 16 replacement polymorphic sites in exons 6-10 is compatible with theoretical prediction. Here, we attempt to estimate the selection intensity for these sites. At the target site of selection, from Eqs. 16 and 17, the selection intensity is given by
when is very small. Because this equation can be applied to only a single pair of target sites of selection but we only know candidate sites (see above), we have to make some assumptions to estimate selection intensity. First, we assume that selection is working at all replacement polymorphic sites at equal intensity. The average h w in RHCE and RHD for the 16 sites are 0 and 0.022 (the average is 0.011), respectively, and the average h b is 0.989, so that the observed amounts of variation within and between the two genes can be explained when Ns is Ϸ45 times larger than C. If we use an estimate of C in exons 1-5, Ns is Ϸ20. The selection intensity might be underestimated because of the assumption that selection is acting at all 16 replacement polymorphic sites at equal intensity. Because the peak of the fixed polymorphic sites is in the middle of exon 7 (Fig. 2) , it might be reasonable to consider that the target site(s) is in exon 7. Because all 13 replacement variations in exon 7 are fixed sites, h w ϭ 0 and h b ϭ 1, and an estimate of Ns is infinity. A bigger sample size is needed to obtain a correct estimate of Ns. Using C ϭ 0.423 for the gene conversion parameter in exons 6-10 might overestimate Ns if the gene conversion rate in exons 6-10 is lower than that in exons 1-5, as discussed above.
Discussion
Model and Theory. A two-locus gene conversion model with selection is developed. Under the joint action of selection, mutation, gene conversion, recombination, and random genetic drift, the pattern of allelic polymorphism is investigated by a diffusion method. Approximate formulas for the expectations of the moments of allele frequencies and the expected amounts of variation within and between two loci are obtained by assuming relatively strong selection. These expectations are given by functions of Ns, , and C, indicating they are nearly independent of the recombination rate. The approximate formulas for the expectations of p 2 , p Under this model, selection and gene conversion act in opposite directions; that is, gene conversion produces deleterious haplotypes, and selection works to eliminate them. Therefore, the pattern of allelic variation is determined mainly by the balance between gene conversion and selection as shown by Eq. 18. This equation indicates that very strong selection is needed to keep two different alleles in a population when gene conversion is active. In a population in which two alleles are nearly fixed (e.g., h w Ͻ 0.01 and h b Ͼ 0.99), Ns͞C may be Ͼ50, indicating that successful evolution of new gene function might not occur without strong selection unless C is very small. This result is compatible with other theoretical studies, which indicate that one of the duplicated genes is silenced relatively quickly after duplication (e.g., refs. 12-16). Recently, Lynch and Conery (1) demonstrated the majority of duplicated genes become pseudogenes within a few million years, based on the survey of the genomic databases of several model species.
The model does not include null mutations by which genes are silenced. Although this is one of the important fates of duplicated genes, it might be possible to ignore such mutations in this model with strong selection, because selection might eliminate them immediately from the population.
Evolution of the Human RHCE and RHD Genes. DNA polymorphism in human RHCE and RHD genes is analyzed. Because the pattern of DNA polymorphism in exons 1-5 is completely different from that in exons 6-10, the two regions are analyzed separately. It is shown that Ϸ35% of segregating sites in exons 1-5 are shared polymorphic sites, indicating frequent gene conversion in this region. On the other hand, there is no shared polymorphism in the remaining coding region (exons 6-10). Instead, a large proportion of segregating sites (15 of 20) are fixed sites, and most of them (13 of 15) are amino acid replacement changes. Because all fixed sites are around exon 7, it is suggested that some kind of mechanism might be working in this region to accelerate the sequence divergence between the two genes. Although a reduction in the gene conversion rate due to a drastic change of the DNA sequences caused by indels might be one explanation, no such big indels are found in the flanking region of exon 7. An alternative and more likely explanation is that selection is acting to maintain the high level of amino acid differences between the two genes, and many aspects of the observed pattern of DNA variation could support this hypothesis. Assuming this is the case, the two-locus selection model developed in this article is applied to the data to estimate selection intensity. It is suggested that very strong selection (Ns is at least 45 times larger than C) is needed to explain the observed pattern of polymorphism.
Under the selection hypothesis, the evolutionary history of the human RHCE and RHD genes is inferred. The history of the duplicated genes started with two identical sequences created by tandem duplication. In the initial stages, gene conversion occurred quite frequently. The gene conversion parameter, C, might have been 0.4 or so, as estimated from the present-day polymorphism data in exons 1-5. This level of gene conversion is high enough to keep the two genes nearly identical. Then an advantageous mutation was introduced (probably in exon 7) and fixed in one gene. Selection might have been so strong that this fixation state was nearly stable and continued for quite a long time. During this state, additional mutations were accumulated near the target site of selection, creating the high level of sequence divergence between the two genes around exon 7. In exons 1-5, which are at least 3-4 kb upstream of exon 7, the sequence identity between the two genes has been maintained high by frequent gene conversion. The present human RHCE and RHD genes might be in their initial stage of further functional divergence, starting in the short region around exon 7. This region of high divergence might spread if the divergence itself reduces the gene conversion rate.
Although the application of the two-locus selection model to the human RHCE and RHD genes seems successful, there are a few caveats. The first concerns the well known RHD-negative chromosomes on which the RHD gene is either absent or silenced. Although the frequency of chromosomes with no RHD gene might be relatively low, there may be some effect of such chromosomes on the model. There might also be the possibility of other minor duplication and deletion polymorphism in this region. The second is the possibility of selection that might be working on exons 1-5. It is known that the RHCE gene encodes four types of antigens, CE, Ce, cE, and ce, which are characterized by the two amino acid positions 103 (exon 2) and 226 (exon 5) (reviewed in ref. 31 ). These antigen polymorphisms within RHCE might be under selection. The unusually high level of nonsynonymous polymorphic sites (80%) in exons 1-5 might also be a signature of selection. This selection might overestimate and C. The last is the theoretical problem in the treatment of selection in a diploid population. This might not much affect the results under the assumption of strong selection as discussed above, but when selection is weak, the problem should be considered seriously.
